C-Lmx1 has been shown to be a key regulatory gene for speci®cation of dorsoventral pattern during vertebrate limb development. Here, we describe its earlier pattern of expression during and shortly after neurulation. Transcripts are ®rst expressed in the mesoderm of the head process and rostral tip of the primitive streak at the late gastrula/early neurula stage (stage 4). As neurulation occurs with shaping of the neural plate, C-Lmx1 is expressed in a butter¯y-like pattern in the lateral neuroectoderm. During bending of the neural plate, C-Lmx1 expression becomes localized to three areas of the bending neuroectoderm: the median hingepoint (future¯oor plate of the neural tube) and the paired dorsolateral regions of the neuroepithelium, including the dorsolateral hingepoints and the adjacent neuroectodermal and epidermal ectodermal components of the neural folds. After closure of the neural groove and formation of the primary brain vesicles, CLmx1 is expressed in the dorsal neural tube along the entire length of the neuraxis, as well as in the¯oor plate at the brain but not spinal cord levels. At the midbrain and rostral hindbrain levels, C-Lmx1 is heavily expressed. Here, in addition to expression in the dorsal neural tube and oor plate, it is expressed in the lateral walls of the neural tube, with the exception of the levels of rhombomeres 2 and 4. C-Lmx1 is also expressed in several other discrete domains during and shortly after neurulation, including the prechordal plate and rostral head mesenchyme, foregut endoderm, otic placode and vesicle, dorsal somitic mesoderm, midline endoderm at the level of the caudal spinal cord, mesonephroi and limb bud mesoderm. q
Results
Homeobox genes are key regulatory genes involved in regional speci®cation in organisms as diverse as Drosophila and vertebrates (reviewed by McGinnis and Krumiauf, 1992; Finkelstein and Boncinelli, 1994; Manak and Scott, 1994) . One such family, the LIM homeobox genes, consists of transcription factors with a typical cysteine-histidine-rich LIM domain and a homeodomain (Dawid et al., 1998) . LIM domain genes seem to function as regulators of cell fate in a variety of different tissues and organisms (Freyd et al., 1990; Karlsson et al., 1990; Taira et al., 1994; Tsuchida et al., 1994; Lundgren et al., 1995; Shawlot and Behringer, 1995; Way and Chal®e, 1998) . A member of vertebrate LIM homeobox gene family, Lmx1 (German et al., 1992) , has been shown to be essential for establishing the dorsoventral pattern of the vertebrate limb (Riddle et al., 1995; Vogel et al., 1995) . Additionally, the expression pattern of C-Lmx1 has been described during ear development (Giraldez, 1998; Torres and Giraldez, 1998) , and an essential role for Lmx1b in mouse limb and kidney development has been established (Chen et al., 1998) . Although C-Lmx1 is expressed during neurulation in the chick, its detailed spatiotemporal pattern of expression has not been reported. Here, we provide such a description using in situ hybridization. The dynamic patterns of C-Lmx1 expression are described chronologically, following the stages of chick development as de®ned by Hamburger and Hamilton (HH, Hamburger and Hamilton, 1951) .
C-Lmx1 expression during neurulation
Expression of C-Lmx1 was examined in embryos at stages ranging from the freshly laid unincubated egg through HH stage 22 embryos. Transcripts were ®rst detected in the rostral midline mesoderm (head process) and the rostral tip of the primitive streak at HH stage 4 (Figs. 1 and 2). As the notochord forms, transcripts marked the prechordal plate, the elongating notochord and the lateral neuroectoderm (Figs. 3 and 4) Fig. 8 . Whole mounts and transverse sections of embryos labeled by in situ hybridization using a C-Lmx1 riboprobe. To ensure that the patterns observed in whole mounts at stages after neural groove closure were not due to trapping, selected embryos at these stages were cut in the midsagittal plane prior to conducting in situ hybridization (B). All whole mount embryos are viewed dorsally. HH st indicates the Hamburger and Hamilton (1951) stage. cm, cardiac mesoderm; e, endoderm; ee, epidermal ectoderm; dn, dorsal neural tube; fb, forebrain; fg, foregut; ®, forelimb; fp,¯oor plate of neural tube; hb, hindbrain; hl, hindlimb; hm, head mesenchyme; m, mesoderm; mb, midbrain; me, midline endoderm; mfg, midline foregut; nc, notochord; ne, neuroectoderm; nf, neural fold; op, otic placode; p, proamnion; pp, prechordal plate; r, rhombomere; sc, spinal cord; sm, somitic mesoderm. Fig. 9 . Whole mounts and transverse sections of embryos labeled by in situ hybridization using a C-Lmx1 riboprobe. To facilitate understanding of the labeling pattern of C-Lmx1 riboprobe in the neural tube at stage 10 (C), (D) shows a whole mount labeled by in situ hybridization using a Krox20 riboprobe. To ensure that the patterns observed in whole mounts at stages after neural groove closure were not due to trapping, selected embryos at these stages were cut in the midsagittal plane prior to conducting in situ hybridization (B). All whole mount embryos are viewed dorsally. HH st indicates the Hamburger and Hamilton (1951) stage. cm, cardiac mesoderm; e, endoderm; ee, epidermal ectoderm; dn, dorsal neural tube; fb, forebrain; fg, foregut; ®, forelimb; fp,¯oor plate of neural tube; hb, hindbrain; hl, hindlimb; hm, head mesenchyme; m, mesoderm; mb, midbrain; me, midline endoderm; mfg, midline foregut; nc, notochord; ne, neuroectoderm; nf, neural fold; op, otic placode; p, proamnion; pp, prechordal plate; r, rhombomere; sc, spinal cord; sm, somitic mesoderm. Fig. 10 . Whole mounts and transverse sections of embryos labeled by in situ hybridization using a C-Lmx1 riboprobe. All whole mount embryos are viewed dorsally. HH st indicates the Hamburger and Hamilton (1951) stage. cm, cardiac mesoderm; e, endoderm; ee, epidermal ectoderm; dn, dorsal neural tube; fb, forebrain; fg, foregut; ®, forelimb; fp,¯oor plate of neural tube; hb, hindbrain; hl, hindlimb; hm, head mesenchyme; m, mesoderm; mb, midbrain; me, midline endoderm; mfg, midline foregut; nc, notochord; ne, neuroectoderm; nf, neural fold; op, otic placode; p, proamnion; pp, prechordal plate; r, rhombomere; sc, spinal cord; sm, somitic mesoderm. Fig. 11 . Whole mounts and transverse sections of embryos labeled by in situ hybridization using a C-Lmx1 riboprobe. All whole mount embryos are viewed dorsally. HH st indicates the Hamburger and Hamilton (1951) stage. cm, cardiac mesoderm; e, endoderm; ee, epidermal ectoderm; dn, dorsal neural tube; fb, forebrain; fg, foregut; ®, forelimb; fp,¯oor plate of neural tube; hb, hindbrain; hl, hindlimb; hm, head mesenchyme; m, mesoderm; mb, midbrain; me, midline endoderm; mfg, midline foregut; nc, notochord; ne, neuroectoderm; nf, neural fold; op, otic placode; p, proamnion; pp, prechordal plate; r, rhombomere; sc, spinal cord; sm, somitic mesoderm. Fig. 12 . Whole mounts and transverse sections of embryos labeled by in situ hybridization using a C-Lmx1 riboprobe. All whole mount embryos are viewed dorsally. HH st indicates the Hamburger and Hamilton (1951) stage. cm, cardiac mesoderm; e, endoderm; ee, epidermal ectoderm; dn, dorsal neural tube; fb, forebrain; fg, foregut; ®, forelimb; fp,¯oor plate of neural tube; hb, hindbrain; hl, hindlimb; hm, head mesenchyme; m, mesoderm; mb, midbrain; me, midline endoderm; mfg, midline foregut; nc, notochord; ne, neuroectoderm; nf, neural fold; op, otic placode; p, proamnion; pp, prechordal plate; r, rhombomere; sc, spinal cord; sm, somitic mesoderm. neurulation concomitant with shaping of the neural plate (i.e. dorsoventral thickening, mediolateral narrowing and rostrocaudal elongation); C-Lmx1 was strongly expressed in a butter¯y-like pattern in the lateral neuroectoderm (Figs. 3±5) . As neurulation continued with bending of the neural plate, C-Lmx1 was selectively expressed in the elevating and converging neural folds (including both its epidermal ectodermal and neuroectodermal components, including with the latter, the dorsolateral neuroepithelial hingepoints), as well as in the mid-dorsal endoderm of the foregut, prechordal plate and¯oor plate (i.e. median neuroepithelial hingepoint) of the neural groove and tube (Figs. 6 and 7). After closure of the neural groove, the pattern of CLmx1 expression in the brain vesicles differed according to rostrocaudal level (Figs. 8±12) . Transcripts were detected in the roof of the neural tube from the forebrain to the caudal spinal cord level, as well as in the¯oor plate at brain levels, albeit at lower expression. Additionally, at stages 9±11, transcripts were expressed in lateral neural tube at levels spanning the caudal midbrain and rostral hindbrain (Fig.  9F) , with gaps in expression (Fig. 9C,D ) occurring in the lateral neural tube at rhombomeres 2 and 4 (identi®ed by adjacent Krox20 labeling, which marks rhombomeres 3 and 5).
Other domains of C-Lmx1 expression during and shortly after neurulation
As described previously (Giraldez, 1998; Torres and Giraldez, 1998) , C-Lmx1 was expressed in the early otic placode (Fig. 10A,C) , beginning near the time of neural groove closure (data not shown). With formation of the primary brain vesicles shortly after neural tube closure, expression of C-Lmx1 occurred in the foregut endoderm (Riddle et al., 1995; and con®rmed here) , in a few cells of the dorsal portion of the somites (data not shown) and in the midline endoderm at the most caudal level of the spinal cord (Fig. 10D) . Also as shown previously (Riddle et al., 1995; Vogel et al., 1995) , as the limb buds formed during stages 14±16, C-Lmx1 was expressed in the mesoderm of both the prospective forelimbs and hindlimbs (Figs. 11 and 12) , subsequently becoming restricted to their dorsal mesoderm. Finally, also as previously described (Riddle et al., 1995; Fernandez-Teran et al., 1997) , at stage 16, C-Lmx1 was expressed in the mesonephroi (Fig. 11) , but was absent from the pronephroi present at earlier stages.
Material and methods
Fertile chicken eggs were incubated at 388C in forceddraft, humidi®ed incubators until embryos reached stages 2± 22 (Hamburger and Hamilton, 1951) . Unincubated and early incubated embryos were staged according to the criteria for pregastrula stages as described by Eyal-Giladi and Kochav (1976) .
Whole-mount in situ hybridization was performed essentially as described by Nieto (Nieto et al., 1996) , except that the use of proteinase K, hydrogen peroxide and RNase A were omitted. A single-stranded C-Lmx1 riboprobe was prepared by the transcription of the linearized plasmid with EcoRI, using T7, 5P6 RNA polymerase (Boehringer Mannheim; Indianapolis, IN). C-Lmx1 cDNA was a gift from R.L. Johnson, M.D. Anderson Cancer Center, Houston, TX. For purposes of comparison, a single-stranded Krox20 riboprobe was prepared by the transcription of the linearized plasmid with EcoRI, using T3 RNA polymerase. After in situ hybridization, embryos were dehydrated using isopropanol and then embedded in Paraplast X-tra paraf®n; serial transverse sections were subsequently cut at 15 mm.
